ABSTRACT: Infants fed soy-based infant formulas are exposed to high levels of genistein, an isoflavone, with potential estrogen-like activity. This study determined whether neonatal exposure of mice to genistein resulted in higher bone mineral density (BMD) and greater resistance to fracture at adulthood. Male and female CD-1 mice (n ϭ 4 -14/group) were randomized to control (CON) (corn oil, s.c.), diethylstilbestrol (DES) (2 g/pup/d, s.c.), or genistein (GEN) (4 g/pup/d, s.c.) from d 1 through 5 of life. At 21 d of age, pups were weaned and studied until 4 mo of age when tissues were collected. Among females, femur (p ϭ 0.016) and lumbar vertebrae (LV1-LV4) (p Ͻ 0.001) BMD were higher among DES and GEN groups compared with CON group. Importantly, the higher LV1-LV4 BMD was associated with stronger vertebrae that were more resistant to fracture as the peak load of LV3 (p ϭ 0.012) was higher in the GEN and DES groups compared with CON group. In males, DES and GEN had divergent effects on femur and lumbar vertebrae BMD and peak load. In conclusion, early exposure to GEN has positive effects on femur and lumbar spine of females, likely due to estrogenic effects, while only the lumbar spine of males benefits from early exposure to GEN. 
T
here is evidence that short-term exposure to estrogen during the first few days of life has positive effects on bone at adulthood. Exposure of female mice to DES during the first 5 d of life has been shown to decrease the number and activity of osteoclasts that could lead to higher BMD (1, 2) . Based on these findings, and due to the fact that some infants receive soy infant formula that contains isoflavones with potential estrogen-like activity, the overall objective of this study was to determine whether neonatal exposure of female and male mice to genistein, an isoflavone in soy, resulted in a higher BMD and greater resistance to fractures at adulthood.
Genistein is abundant in soy infant formula. Due to the potential estrogen-like activity of genistein, there is interest in the potential health benefits and/or adverse effects of feeding soy-based infant formulas. Early postnatal life is known to be a developmental stage that is particularly sensitive to hormones. Thus, it is important to consider that the level of isoflavone exposure to infants fed such formulas is extremely high. During the first year of life, infants fed soy-based formula can be exposed to 6 -9 mg of isoflavones/kg of body weight/d, more than 65% of which is genistein, whereas adults who consume a diet with modest amounts of soy isoflavones are exposed to approximately 1 mg of isoflavone/kg of body weight/d (3) . Although studies have shown that feeding soybased infant formula to full-term infants is associated with normal growth and development at 1 y of age (4, 5) , long-term effects of exposure to high levels of isoflavones such as genistein present in soy-based infant formulas have not been extensively studied. With respect to bone development and metabolism, no studies have reported effects of isoflavone exposure during early life, either in humans or animals, on BMD or biomechanical bone strength properties at adulthood. It is hypothesized that early neonatal exposure to genistein may provide a preventive strategy that optimizes peak bone mass and bone strength, thereby potentially decreasing the risk of developing osteoporosis and fragility fracture later in life.
Some epidemiologic evidence suggests that women with high intake of soy foods have greater protection against osteoporosis (6 -8) . To date, studies investigating the role of soy or its isoflavone on bone metabolism have focused on their role in preventing bone loss after the cessation of endogenous estrogen production by either studying postmenopausal women or using the ovariectomized rodent model. Most feeding trials in postmenopausal women (9 -12) and ovariectomized rodents (13) (14) (15) (16) (17) (18) (19) (20) have demonstrated that genistein, either as purified isoflavone or in soy protein isolate, has positive effects on bone outcomes such as BMD. The mechanism of genistein on bone metabolism is not completely understood. The bone-protective effects of genistein may be due to structural similarities between genistein and the human estrogen 17␤-estradiol as genistein may bind to estrogen receptors (ER) in target tissues such as bone (21) . Two ER have been identified, ER-␣ and ER-␤, and both have a pivotal role in bone tissue (22) (23) (24) (25) . Because genistein can bind to both estrogen receptors, genistein may have significant biologic activity in bone tissue.
The specific objective of this study was to determine whether exposure of female and male mice to genistein during the first 5 d of life results in a higher BMD and greater biomechanical bone strength properties than mice not exposed to genistein. Two specific skeletal sites, femurs and lumbar spine, were studied to assess skeletal sites that differ in the quantity of cortical and trabecular bone. Both genders were Biomechanical strength properties of femurs and lumbar vertebra 3 (LV3). The biomechanical strength properties of the femur and LV3 were measured by three-point bending and compression testing, respectively, using a materials testing system (Model 4442, Instron Corp., Canton, MA) and specialized software (Series IX Automated Materials Tester, Version 8.15.00).
Three-point bending. Three-point bending was used to determine the structural properties (yield load, resilience, stiffness, peak load, toughness) of right femurs (29, 30) . Femurs previously cleaned of soft tissue were removed from the freezer and soaked in physiologic saline solution for 3 h. Length and widths of femurs were measured using an electronic precision caliper (Cedarlane Laboratories Ltd., Hornby, ON, Canada). The femur midpoint was determined based on the length of the femur, and mediolateral (width) and anteroposterior (depth) dimensions were measured at the midpoint. The posterior surface of the femur was placed on two 1-mm-wide base supports, positioned 6 mm apart, such that the load was applied at the femur midpoint. The crosshead lowered at a constant speed of 2 mm/min until the femur fractured.
Compression testing. LV3 were soaked in saline and positioned on the center of a stainless-steel plate. The height, width, and depth of each LV3 were measured using an electronic precision caliper. A compressive force was applied by lowering a steel plate at a constant rate of 2 mm/min (29) . Peak load was determined to be the first peak on the load-displacement curve.
Statistical analysis. Statistical analyses were performed using SigmaStat (Version 2.0, Jandel Scientific, San Rafael, CA). Results are expressed as mean Ϯ SEM. Two-way ANOVA was performed for most outcomes with gender and treatment as the main effects, and interaction effects (gender ϫ treatment) were assessed. One-way ANOVA was used to analyze weights of testes, uterus, and ovaries. Student-Newman Keul's test was used for comparison of multiple means when statistical differences were observed. Differences were considered significant at p Ͻ 0.05.
RESULTS
Initial and final body weight and total weight gain. There were no differences in initial body weight due to gender or treatment among groups (Table 1) . Gender (p Ͻ 0.001) but not treatment had a significant effect on final body weight and total weight gain (Table 1) . Male mice had higher body weights (p Ͻ 0.001) and total weight gain (p Ͻ 0.001) compared with females (Table 1) .
Testes, ovaries, and uterus weights. The weights of testes (males), uterus and ovaries (females), expressed either as absolute weight (not shown) or corrected to account for body weight (Table 2) , were not different among the three groups.
Femur outcomes: weight, dimensions, BMC, BMD, and biomechanical strength properties. Femur weight was significantly different due to gender (p ϭ 0.023) and treatment (p Ͻ 0.030), with genistein and DES groups having greater femur weight than control group (Table 3) . Female control mice had * Values are expressed as mean Ϯ SEM. Males: n ϭ 7 (CON); n ϭ 14 (DES); n ϭ 12 (GEN). Females: n ϭ 11 (CON); n ϭ 4 (DES); n ϭ 10 (GEN). † Body weight at weaning, PND 21. ‡ Body weight at necropsy, PND 120. § Calculated by subtracting body weight at weaning (PND 21) from body weight at necropsy (PND 120).
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lower (p ϭ 0.001) femur weights than all other groups (Table  3) . Femur length and depth [anteroposterior (AP) width] did not differ due to gender or treatment (Table 3 ). Width [mediolateral (ML) width] of male mice was higher than female mice (p Ͻ 0.001) ( Table 3 ). Genistein treatment resulted in greater (p ϭ 0.019) width (ML width) than control and DES treatment (Table 3) . Femur BMC was significantly higher (p ϭ 0.019) among males compared with females while treatment had no significant effect (Table 4 ). There was an interaction between gender and treatment for femur BMC. Females treated with DES had greater (p ϭ 0.015) BMC than CON females and males treated with DES; and males treated with GEN had a higher (p ϭ 0.015) BMC than males treated with DES or control females (Table 4) . With respect to femur BMD, DES and genistein treatment resulted in greater (p ϭ 0.016) femur BMD than controls (Table 4 ). There was a significant interaction of gender ϫ treatment for femur BMD (p ϭ 0.001) ( Table 4) . Females who received DES and GEN, and males treated with GEN had a higher (p Ͻ 0.001) BMD than female controls and males treated with DES (Table 4 ). There were no differences in femur yield load, resilience, or ultimate stiffness among groups (Table 4) . There was a significant interaction of gender ϫ treatment for femur peak load (Table 4) . Females treated with DES and males treated with GEN had a higher peak load than female controls and males treated with DES ( Table 4) .
Dimensions of lumbar vertebrae 3 (LV3), BMC and BMD of LV1-LV4, and peak load of LV3. Gender and treatment had no significant effect on the dimensions of LV3 (Table 5) . GEN and DES treatment resulted in higher (p Ͻ 0.001) BMC of LV1-LV4 but gender did not have a significant effect (Table 6 ). Males had higher (p ϭ 0.028) BMD of LV1-LV4 CON) ; n ϭ 14 (DES); n ϭ 12 (GEN). Females: n ϭ 11 (CON); n ϭ 4 (DES); n ϭ 10 (GEN). CON) ; n ϭ 14 (DES); n ϭ 12 (GEN). Females: n ϭ 11 (CON); n ϭ 4 (DES); n ϭ 10 (GEN).Values with different letters for an outcome are significantly different, p Ͻ 0.05. 50 than females. Furthermore, treatment with DES or GEN resulted in higher (p Ͻ 0.001) BMD than CON (Table 6 ). There was a significant interaction (p ϭ 0.002) of gender ϫ treatment for BMD of LV1-LV4 (Table 6 ). Males and females treated with GEN had a higher (p ϭ 0.002) BMD than all other groups except females treated with DES (Table 6 ). Peak load of LV3 was higher (p Ͻ 0.001) among males compared with females; and higher (p ϭ 0.012) among DES and GEN groups compared with CON groups (Table 6 ). There was a significant interaction between gender and treatment for peak load (p ϭ 0.009) ( Table 6 ). Male and females treated with GEN and females treated with DES had a higher (p ϭ 0.09) peak load than all other groups (Table 6) .
Biochemical markers: serum osteocalcin and serum collagen crosslinks. Serum osteocalcin (p Ͻ 0.001) and collagen crosslinks (p Ͻ 0.013) were significantly higher among females compared with males (Table 7) . For both serum osteocalcin and collagen crosslinks there was a significant interaction of gender ϫ treatment (p ϭ 0.002 osteocalcin, p ϭ 0.019 collagen crosslinks) ( Table 7) .
DISCUSSION
This study reports the effects of short-term exposure to genistein, a soy isoflavone, during the first 5 d of postnatal life on bone outcomes at adulthood in male and female mice. These outcomes included BMD as well as functional outcomes of bone, i.e. biomechanical strength properties of femurs and lumbar spine. Measurement of the biomechanical strength properties is of particular relevance as these outcomes are surrogate measures of fracture risk. A novel finding of this study is that exposure to isoflavones during the earliest stages of postnatal life results in altered bone metabolism at adulthood. To date, most studies investigating the effects of soy 
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isoflavones on bone metabolism have been in states of estrogen withdrawal.
Our findings that femur BMD and LV1-LV4 BMD were higher among DES-treated female mice compared with controls was expected based on a previous study that reported that transient exposure to DES during early development altered osteoclastogenesis due to a permanent effect on the bone microenvironment in female mice (2) . The present study used the same dose of DES as in previous reports (1,2) . The fact that the GEN-treated female mice, like the DES-treated mice, had a higher femur BMD than controls suggests that genistein was acting by an estrogen-like mechanism. In the GEN group, the higher femur BMD was not associated with a greater peak load, the ultimate measure of fracture resistance. However, greater fracture resistance (i.e. peak load of LV3) was observed in the lumbar spine. Both the BMD of LV1-LV4 and the peak load of LV3 were significantly higher in the GEN treated females compared with control group, indicating that trabecular bone was more responsive to genistein intervention than cortical bone. In female mice, both the femur and lumbar vertebrae data suggest that genistein is acting like estrogen. This is an interesting finding since the estrogenicity of the dose of genistein was substantially lower than the dose of DES and yet similar biologic effects are observed. In contrast to female mice, DES and GEN groups in males had divergent effects on femur BMD and peak load, as well as lumbar spine BMD and peak load of LV3. Males treated with GEN had higher lumbar spine BMD and peak load of LV4 compared with both the DES and CON group while femur outcomes did not differ between the GEN and CON group, suggesting a site-specific effect of genistein on skeletal health in males. The mechanism of action of genistein in males remains to be determined.
The biochemical bone marker data also suggest that females and males respond differently to neonatal exposure to DES or GEN. The fact that neither serum levels of osteocalcin nor collagen crosslinks differed significantly among female groups suggests that differences in bone turnover were not evident at 4 mo of age but occurred at an earlier stage of life. In contrast, among males, mice treated with GEN had lower levels of serum collagen and serum collagen crosslinks compared with controls, suggesting a lower rate of bone turnover was present when mice were killed at 4 mo of age. The timing of when differences in rates of bone turnover occurred requires further study. Whether or not the lower rate of bone turnover among males persists into older ages, and the potential implications to bone health, requires investigation. Similarly, whether higher femur and lumbar vertebrae BMD is protective among females treated with GEN after cessation of endogenous estrogen production remains to be determined.
Human and animal studies on metabolic imprinting have demonstrated that exposure to specific nutrients during early life can affect risk of chronic diseases during adulthood (31) (32) (33) (34) (35) . Genistein may be acting directly on ER in bone cells, setting the metabolic pathway that will be stored throughout life, despite cellular replication and replacement. Findings from cell culture studies suggest that genistein may have stimulated osteoblastic activity and decreased osteoclastic activity in the present study. Isoflavones such as genistein can stimulate osteoblastic activity, demonstrated by increased production of alkaline phosphatase and bone nodule formation, markers of early and late osteoblastic differentiation, respectively (36, 37) . These effects may be mediated via increased production of bone morphogenetic protein-2, an important regulator of osteogenesis (37) . Another study, using human osteosarcoma osteoblasts, also reported that genistein stimulated synthesis of collagen and alkaline phosphatase, and ultimately resulted in mineralized bone modules (38) . In orchidectomized rats, feeding soy isoflavones resulted in elevated mRNA levels of type I collagen, alkaline phosphatase, and osteocalcin, demonstrating that effects of genistein are not exclusive to females (39) . Genistein has also been shown to act as a tyrosine kinase inhibitor, resulting in a decreased number of osteoclasts (40, 41) , and may modulate osteoclastogenesis by regulating mRNA expression of receptor activator of NF-B ligand (RANKL) and osteoprotegerin (42) .
Safety is an important issue to consider when extrapolating these study findings to infants fed soy-based formula. Early exposure to estrogenic compounds, namely DES, is associated with an increase in genital tract abnormalities in female mice (43, 44) and an alteration of reproductive functions in males (45) . In humans, adenocarcinoma of the vagina has been reported in young women whose mothers were exposed to DES during pregnancy (46) . These changes could be related to the steroid dose or to the duration and age of exposure. It is encouraging that findings from the present study indicate that early exposure to genistein, at the levels to which infants fed soy-based formula are exposed, did not have an effect on sex organ weights. However, because organ weight does not fully address potential teratogenic or carcinogenic effects of environmental estrogenic compounds, histology of organs should be performed in future studies. It would be particularly useful to perform histologic analyses of tissues from older animals as negative effects due to transient exposure may not be manifested until later stages of life. Thorough examination of reproductive indices, such as fertility, is required as long-term effects of soy-based infant formula on reproductive health have not been extensively studied. One retrospective cohort study compared young men and women who received soy formula with those who had received cow's milk formula during infancy (47) . No statistically significant differences were observed in adult height, weight, body mass index, pubertal maturation, or fertility as measured by pregnancy, miscarriage, or ectopic pregnancy rates. Women fed soybased formula reported slightly longer duration of menstrual bleeding and greater discomfort with menstruation, with no difference in severity of menstrual flow. There were no differences in cancer, reproductive organ or hormonal disorders, sexual orientation, libido dysfunction or birth defects between infants fed soy or cow's milk formula. Future studies should continue to study the effects of early exposure to isoflavones since neonatal exposure to genistein, at a dose similar to the present study (5 g/pup/d), reported altered estrous cycles and impaired fertility (43) . Abnormal ovulation in mice treated with slightly higher levels of genistein (10 g/pup/d) has also been reported (48).
PIEKARZ AND WARD
In conclusion, short-term exposure to genistein during the first 5 d of postnatal life resulted in improved femur and lumbar spine outcomes among female mice, with a positive effect on only lumbar spine among male mice. Early exposure to genistein may provide a preventive strategy that optimizes peak bone mass and bone strength, thereby potentially decreasing the risk of developing osteoporosis and fragility fracture later in life. Because the dose of genistein administered to the mice was similar to the level of exposure to infants fed soy based infant formula on a body weight basis, the findings from this study provide the basis for human studies in which peak bone mass and other measures of bone health may be assessed in adults who consumed soy-based infant formula during early life. In this study, bone outcomes were assessed at an age when mice have attained their peak bone mass. Whether the higher vertebral BMD and peak load at adulthood protect against bone loss and fracture during aging are unknown.
